ABSTRACT The integration of plug-in hybrid electric vehicles (PHEVs), photovoltaic (PV) generators, and energy storage systems (ESSs) into microgrids is highly anticipated. A coordinated control of PHEVs, PVs, and ESS will support frequency control in a microgrid. However, the size of the ESS depends on the surplus power of PV. The lower the surplus power is, the smaller the size of ESS. Furthermore, the number of available PHEVs vary with the cumulative number of the participating PHEVs. This variation of the number of PHEVs may reduce the PHEVs' control effect in the microgrid. This paper proposes a coordinated control of PHEVs, PVs, and ESSs for frequency control in the microgrid using a centralized model predictive control (CMPC) considering the variation of PHEV numbers. The objectives of the coordinated control are: 1) to suppress the system frequency fluctuation and 2) to minimize the surplus power of PV and, therefore, reduce the size of ESS. Simulation studies indicate that the coordinated control of PHEVs, PVs, and ESSs by the proposed CMPC is superior to that of the proportional integral derivative control and the distributed MPC in terms of minimizing the frequency fluctuation, the PV surplus power, and the ESS size.
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NOMENCLATURE

A pn
Ideality factor for the p − n junction. CMPC up , Centralized model predictive control CMPC mid , (CMPC) for upper, middle, lower, and CMPC low , optimal limits setting of photovoltaic CMPC opt (PV) inverter control signal. E g Band-gap energy. H Control horizon of CMPC. ISO Solar insolation. I g Generated current under the given insolation.
I o , I sat
Output and reverse saturation currents.
I or
Saturation current at T r .
I PV
Current of PV module.
I ref
Reference current signal from the maximum power point tracking (MPPT).
I rsh
Current flow in the shunt resistance.
I t Short circuit current temperature coefficient. K Boltzmann's constant. K PHEV PHEV gain. P Prediction horizon of CMPC. P CONV DC/DC converter output power.
P DS
Power of diesel generator.
P ESS
Power of energy storage system (ESS).
P INV
Inverter output power.
P INV ,LOSS
Inverter power loss. P L Load power. P PHEV Output power of plug-in hybrid electric vehicles (PHEV). P PV Output power of PV. P PV ,module Output power of PV module. P PV , low , P PV ,up Lower and upper limits of the PV power. Actual and reference set point of the changes of the PV surplus power. P PV Change of predicted output power of PV. P DS Change of output power of diesel generator.
P Gov
Change of governor of diesel generator.
P Int
Change of integrator of diesel generator.
I. INTRODUCTION
Grid-connected renewable resources increase rapidly in present power systems because of the decrease in remaining fossil fuel, the increasing energy demand, and environmental concerns, etc.
[1]- [3] . Distributed generators (DGs) based on renewable energy resources, such as small hydro, wind, and photovoltaic generators (PV), are expected to be utilized as future DGs installed at the distribution level [1] . However, the output power of PV fluctuates due to weather conditions. Especially, under the high penetration of PV sources in an isolated microgrid, the intermittent PV power output causes severe frequency deviation [2] , [3] . In order to smooth the fluctuations of the PV output power, an energy storage system (ESS) is usually connected to the grid at the PV location [4] , [5] . The surplus power of the PV is stored in the ESS, while the smoothed PV power is supplied to the grid. Power control methods of the PV inverter with the internal ESS have been proposed to suppress frequency fluctuation [2] , [3] . However, due to the investment cost of an ESS [4] , [5] , the size of an ESS is the first consideration when contemplating the installation of an ESS in a microgrid [4] , [5] .
In addition, the installation of plug-in hybrid electric vehicles (PHEVs) on the customer side has been proposed [3] , [6] , [7] . The bidirectional charging and discharging power control of PHEV batteries can be applied to improve the frequency control [3] , [6] , [7] . However, the number of controllable PHEVs depends on the cumulative number of the participating PHEVs [3] , [6] , [8] . As shown in [6] , the variation of PHEV numbers affects the frequency control effect of the PHEVs. Therefore, the impact of the PHEV number should be considered when applying PHEVs to support frequency control.
Normally, both PVs and PHEVs are interfaced to the power grid by an inverter with the possibility to be smart nodes in the system [3] . Since the PV is able to act as a source without explicit energy limitation, the cooperation of PV and PHEV has been proposed for frequency regulation [3] , [7] , optimal PHEV smart charging with PV generators [9] , and grid capacity enhancement [10] . In addition, technical considerations on the power conversion of PHEV and PV have been proposed in [11] .
In [3] , a coordinated control of the PVs, ESSs and PHEVs for frequency control using fuzzy method has been proposed. Simulation results demonstrate that the fuzzy control is able to yield an effective frequency regulation. However, the membership functions and fuzzy rules are defined based on expert knowledge and several trial-and-error experiments [3] . The fuzzy rules and membership functions need to be re-defined whenever the system parameters change. Moreover, the minimization of the PV surplus power and the ESS size has not been taken into consideration so far.
To tackle the problem of frequency fluctuation, PV surplus power, and ESS size, coordinated PHEV, PV, and ESS usage can be employed as model predictive control (MPC) [12] - [16] providing promising results, because the MPC is able to work with multiple-input multipleoutput problems [12] - [16] . Therefore, the system frequency fluctuation and the PV surplus power can be employed as the constraints to be controlled. The application of MPC for power system frequency control has been proposed in [6] and [17] - [21] . The MPC used in these works can be classified into 2 types, the centralized MPC (CMPC) [17] - [19] and the decentralized or distributed MPC (DMPC) [6] , [19] - [21] . The CMPC is superior to the DMPC when the full system model can be obtained [18] , [19] . Therefore, the CMPC is not only able to control all the manageable inputs within the system but is also able to improve the system wide performance [15] , [18] , [19] . Additionally, the CMPC has been proposed in the literatures for energy management [22] , [23] , power flow control [24] , and outage management strategy [25] .
In this paper, the CMPC is applied as coordinated control of PHEVs, PVs, and ESS in order to alleviate the system frequency fluctuation, minimize the surplus power of the PV and reduce the ESS size while considering the variation of the number of PHEVs.
In order to minimize the PV surplus power and the ESS size, a particle swarm optimization (PSO) [26] is applied in this work. The advantages of the PSO consist of a simple concept, an easy application, less need to adjust parameters, less computational time, and faster convergence speed when compared with some heuristic optimization techniques [27] - [29] . The PSO has been successfully applied for optimization of PID parameters [21] , optimal sizing of a hybrid ESS [27] , optimization of the MPPT algorithm for a PV system [28] and minimization of the reactive power in bidirectional DC-DC converters [29] .
II. STUDY MICROGRID AND MODELING
A. MICROGRID Figure 1 shows the microgrid system used in the study. The system consists of a 20 MW diesel generator, a 5.6 MW PV, 3.6 MW PHEVs, and 16 MW load [2] , [3] , [6] . The system base is 20 MW. Generally, an energy storage is used for minimizing PV power fluctuation in Fig. 1 . The surplus PV power will be fed to loads while, the power output of diesel generators is lowered. However, mismatching between generation and load causes the fluctuation of microgrid frequency. To regulate the frequency of microgrid, a droop control of diesel generator can be used. Nevertheless, since the variation of PV output power and the load change may cause severe frequency fluctuation, the diesel generator may not be able to regulate the system frequency in the acceptable range. In this work, the PV output power is fed to the microgrid so that the regulation of microgrid frequency can be achieved. In addition, the reduction of PV surplus power is used to reduce the size of battery energy storage. The PHEV energy storage is used to consume the PV power and regulate the system frequency, concurrently. The linearized model of the studied microgrid [2] , [3] , [6] is shown in Fig. 2 . Here, the PV generator comprises a PV array, a boost DC/DC converter, an MPPT control, an inverter, and an energy storage system (ESS). The ESS is connected to the DC-link through a bidirectional DC/DC converter [30] . The advantage of using a DC bus for power generation and energy storage, is the reduction of the number of DC/AC inverters connected to the AC system. Rated output power of one PV module is 85 W. Therefore, 66,000 modules are used to produce 5.6 MW. Furthermore, the first-order transfer function with T PHEV is used in the PHEV model [3] . Table 1 shows the system parameters [2] , [6] .
In this system, the CMPC is applied to calculate u PV and u PHEV . Additionally, n PHEV is defined as the measured disturbance (d) of the CMPC.
B. PV CHARACTERISTICS
The PV module can be represented by the current source model shown in Fig. 3 [2] . The PV module parameters are VOLUME 6, 2018 given in Table 1 [2] . The current in the equivalent circuit of the PV module can be expressed by
The current-voltage (I − V ) and the power-voltage (P − V ) characteristic curves of the PV module are illustrated in Figs. 4 (a) and 4 (b).
The detailed block diagram of the current input PV module used in the study is shown in Fig. 5 [31] . This model is suitable for systems where PV modules are connected in series and share the same current. Input of the PV module consists of I PV and ISO. Output consists of V PV and P PV ,module . Here, I PV is calculated by the MPPT algorithm.
A MPPT controller is based on the perturb and observe algorithm [2] as shown in Fig. 2 . This controller which is equipped with a boost DC/DC converter, is used to track the maximum output power of the PV. Subsequently, the output power of the boost DC/DC converter is supplied to the DC/AC inverter at the maximum power point. 
C. PV INVERTER AND ESS CONTROL METHODS
As shown in Fig. 2 , the inverter converts the DC voltage to AC voltage. The AC power output of the inverter is then transferred to the microgrid. The relationship of P CONV and P INV can be expressed by (5) and (6) .
Here, P PV can be adjusted by u PV which is the output signal of the CMPC. In addition, when the output power of the DC/DC converter is greater than the power used for frequency control, the surplus power is stored in the ESS. Conversely, when the output power of the DC/DC converter is inadequate, the power is discharged from the ESS to the microgrid. The power control of the ESS (P ESS ) is given by 
D. PHEV POWER CONTROL METHOD
In order to reduce the PV surplus power, the PHEVs consume as much power as possible within the supporting frequency control parameters. Figure 6 shows the PHEV power control. The charging power of the PHEV is controlled by the half positive droop characteristics against the frequency deviation. The active power of a PHEV (P PHEV ) consumed from the microgrid is designed according to the system frequency deviation ( f ) as,
Here, K PHEV can be adjusted by the control signal of the PHEV (u PHEV ) using the CMPC. A detailed block diagram of a PHEV used in the study is shown in Fig. 7 [3] . The input of the PHEV model is the control signal from the CMPC. The output is the charging power of PHEV, P PHEV . The inverter capacity limits the upper and lower limits of the PHEV control signal. The PHEV's battery capacity is defined based on the type of the PHEV. Besides, if the SOC of the PHEV hits the upper limit, SOC = 90%, the PHEV cannot be charged. In contrast, if the SOC of the PHEV hits the lower limit, SOC = 20%, the PHEV cannot be discharged. This SOC setting is used to prevent damages of the PHEV's battery.
III. THE PROPOSED CMPC
In this section, the CMPC for PHEV, PV, and ESS controllers are explained. 
A. MPC CONCEPT
The MPC concept is based on the current output signals, the linearized state-space model, and the forecasts of future values. Two types of MPC i.e., decentralized MPC (DMPC) and centralized MPC (CMPC) as shown in Fig. 8 , are considered in this work.
DMPC optimizes only the local objectives and has no information about the other subsystems [15] . As shown in Fig. 8 (a) , the DMPC comprises n-MPCs to compute control signals for n-subsystems. More details of the DMPC for PHEV and PV inverter control are provided in APPENDIX A.
On the other hand, a CMPC has full information to optimize overall decision variables of the full control problem [15] . As shown in Fig. 8 (b) , the CMPC comprises one MPC to compute all control signals for the system. Here, the CMPC is used for the coordinated control of PHEVs, PVs and ESS, as explained in the next subsection. More details on the MPC method can be found in [12] - [16] .
B. PV SURPLUS POWER SETTING CONCEPT
As shown in [32] , an ESS rule-based control using forecasted reference PV output power is able to smooth PV power and reduce the ESS size. A changing reference set point of the PV power is able to reduce charge/discharge cycles of the ESS. However, the prediction of reference PV output power especially on a cloudy day may not achieve the prediction results precisely. Imprecise reference PV output power may cause the PV surplus power higher than expected.
Therefore, the concept of feasible PV surplus power variation ranges as shown in Fig. 9 has been proposed in this work. The PV inverter control signal is able to vary between P PV , low and P PV , up . Various settings of P PV , low and P PV , up cause different cumulative surplus power to the ESS. Figure 9 (a) shows the PV surplus power setting to produce a constant SOC level. After the ESS participating in the system, the SOC level may not increase or decrease. Figure 9 (b) shows the PV surplus power setting to decrease the SOC of the ESS. After the ESS participating in the system, the SOC level may be lower than before participating. On the other hand, Fig. 9 (c) shows the PV surplus power setting to increase the SOC of the ESS. After the ESS participating VOLUME 6, 2018 in the system, the SOC level may be higher than before participating. Figure 10 shows the concept of the CMPC method [13] , [17] for the coordinated control of PHEVs, PVs, and ESS. For the PV power control method (see Fig. 9 ) the upper and lower limits of the PV power at the inverter (P PV , up , P PV , low ) are defined and used in the CMPC. The CMPC calculates the PV inverter control signal to produce PV power varied among P PV , up and P PV , low . Here, P PV , P PV , low , and P PV , up in Fig. 9 have been converted to P PV , P PV , low , and P PV , up in Fig. 10 by
C. CMPC FOR PHEV, PV INVERTER AND ESS CONTROL
As mentioned earlier, the design of the CMPC has two objectives, firstly, to reduce the microgrid frequency fluctuation, secondly, the reduce the surplus power of the PV. Therefore, the input variables of the CMPC are y = [ f , P PV ] and the reference set point of the controller, The discrete-time linear systems with state space representation of the microgrid in Fig. 2 , can be defined as,
The objective of the MPC is to compute an optimal set of control signals using the optimization problem as,
The optimal output of the microgrid should be located close to the set point of the control action, i.e., 
D. OPTIMIZATION OF THE ESS SIZE
As shown in Fig. 2 , the PV surplus power, P PV , is stored in the ESS. The state of charge (SOC) of the ESS shows the cumulative surplus power of the PVs. As proposed in [27] , [33] , and [34] , the SOC variation of the ESS is able to represent the size of the ESS. The variation of the SOC level and the ESS size can be displayed as shown in Fig. 11 (SOC patterns are applied from [29] ). When the magnitude of the SOC variation is high, the size of the ESS is large as shown in Fig. 11(a) . In contrast, when the magnitude of the SOC variation is low, the size of the ESS is small as shown in Fig. 11 (b) . Therefore, a minimization of the SOC variation is able to minimize the size of the ESS. Here, the SOC of the ESS is set to operate in the range of 20% -80% to increase the lifetime of the ESS [27] , [33] and to avoid potential damage to the ESS [34] .
Furthermore, as shown in Figs. 9 and 10, P PV can be minimized by tuning the upper and the lower limits of the PV power deviation ( P PV , up and P PV , low ). Here, the P PV , up and P PV , low are simultaneously optimized by the PSO [26] . The objective function based on the SOC deviation of the ESS ( SOC ESS ) can be expressed by 
IV. SIMULATION RESULTS
The effectiveness of the proposed method is evaluated in the microgrid shown in Fig. 2 by MATLAB/Simulink. In this work, the CMPC is applied to the coordinated control of PHEVs, PVs, and ESS to reduce the microgrid frequency deviation and the surplus power of the PV generator.
In the control design, the CMPC parameters are defined as follows: sampling time interval = 0.1 s, P = 10 samples, H = 3 samples, f ref = 0.00 Hz, and P PV ,ref = 0.00 pu. Besides, for the optimization of the CMPC, the PSO is defined as follows: population size = 24, minimum weighting functions = 0.4, maximum weighting functions = 0.9, the local and global best positions relative weights = 2, maximum particle velocity = 4, and maximum iteration = 150.
In the simulation study, it is supposed that the random solar insolation (ISO), PHEV number variations, and random load deviation as shown in Fig. 13 are applied to the study microgrid. Here, the PHEV number variations are assumed based on the method in [7] with a time slot of 10 s. The ISO is generated randomly based on the actual data in [3] . Additionally, the load model in [6] is employed. More details of the case studies are given here:
Case 1: The investigation of the CMPC output constraints of the P PV is provided. Table 2 shows the ranges of CMPC VOLUME 6, 2018 parameters setting for CMPC up , CMPC mid , CMPC low and CMPC opt . Here, the CMPC opt is optimized using the PSO objective function as in (14) . Therefore, the optimal lower and upper limits of the PV power deviation obtained are, [ P PV , low P PV , up ] = [−0.008 0.174]. It can be seen that the ranges of P PV in Table 2 are set to produce upper, middle, lower, and optimal limits of the PV control signals.
The simulation results of case 1 are shown in Fig. 14 . The system frequency deviation is displayed in Fig. 14 (f) . It can be seen that the CMPC up , CMPC mid , CMPC low , and CMPC opt are able to reduce the deviation of frequency. The output power of PVs and PHEVs are shown in Figs. 14 (a) and 14 (b) . It can be observed that the PV inverters produce power to reduce system frequency deviation when the charging power of PHEVs hits the lower or upper limits. Besides, when the PV generators are operated under the MPPT, the PHEVs consume power to reduce system frequency variation. However, the PV generators controlled by the CMPC are able to control some gaps, e. g. the variation of the PV power from the MPPT power, as shown in Fig 14. Therefore, the setting of different ranges of minimum and maximum signals leads to different surplus power of the PV generators.
The SOC of PHEVs is shown in Fig. 14 (c) . It can be distinguished that the CMPC low is able to yield a higher SOC in comparison with other methods. In contrast, the SOC of the CMPC up is lower than that of the others. At the beginning of the simulation time, the SOC of the ESS is set at 50%. At the end of the simulation time, i.e., t = 1800 s, the SOC using the parameters of CMPC up , CMPC mid , CMPC low , and CMPC opt are about 9%, 41%, 69%, and 56%. These results imply that the ESS's energy capacity under CMPC up , CMPC mid and CMPC low situations needs to be larger than under a CMPC opt situation. When employing CMPC up settings the initial power is stored in the ESS to support the system. In contrast, the PVs surplus power is stored in the ESS of CMPC low . The ESS needs a smaller capacity under CMPC opt conditions when compared with the other two cases. Therefore, the CMPC opt is employed in cases 2-4.
Case 2: The CMPC is compared to conventional methods, i.e., the PVs and PHEVs controllers based on the proportional integral derivative (PID), and the PVs and PHEVs controllers based on the distributed MPC (DMPC). Figure 15 displays the simulation results of case 2. The deviation of the frequency when using CMPC is lower when compared to the PID or the DMPC method. Moreover, the SOC of the PHEV battery produced by the CMPC is higher than that of the PID and the DMPC. In addition, the SOC of the ESS generated by the CMPC and the DMPC is lower than that of the PID.
Case 3: The proposed CMPC is compared to the PID and the DMPC against ISO patterns, PHEV numbers, and a random load as shown in Fig. 13 . Figure 16 shows the simulation results of case 3. The simulation results verify that the CMPC provides a better control effect on the frequency deviation and SOC production than the PID and the DMPC.
Case 4: The CMPC effect against the severe variation of thePHEV number is evaluated. In this case, it is assumed that around 11:30 -12:30 h, some PHEV owners plug-out their PHEVs and leave for lunch break. Subsequently, around 12:30-13:30 h, some PHEV owners return to plug-in their PHEVs. The number of the PHEVs and the solar insolation from 11:30 to 13:30 h are shown in Fig. 17 . Note that the time slot for the PHEV numbers is 5 minutes according to the time slot of integrating PHEVs at the charging stations [35] . Figure 18 exhibits the simulation results of case 4. Figure 18 (f) displays the system frequency deviation. The frequency deviation of the CMPC is lower than that of the PID and the DMPC. Figures 18 (a) and 18 (b) show the PV power and the PHEV power. When the PHEV power hits the minimum or maximum limits, the PV produces power to suppress the frequency deviation. Simulation results approve that the CMPC is robust against the uncertainty of the PHEV numbers compared to the PID and the DMPC. Table 3 shows a comparison of the frequency deviation, the PV surplus power, and the maximum SOC of the ESS of the 3 methods. The CMPC is able to reduce frequency deviation better than the PID and DMPC, for all 3 cases. The PV surplus power of CMPC is very low when compared to the PID and DMPC methods. For the ESS, the CMPC is able VOLUME 6, 2018 to produce lower ESS size than the PID. Clearly, the CMPC is better than DMPC and PID when considering the frequency deviation, PV surplus power, and ESS size.
V. CONCLUSION
The coordinated control of PHEVs, PVs, and ESS for microgrid frequency control using the proposed CMPC considering the variation of PHEV numbers has been presented in this paper. The study results can be concluded as follows:
(1) The CMPC is not only able to reduce the system frequency deviation, but also minimize the surplus power of the PVs and the size of the ESS.
(2) In case of the CMPC, when the charging power of PHEVs hits the lower or upper limits, the PV produces the power necessary to reduce the system frequency deviation. Furthermore, when the PV operates under the MPPT, the PHEVs consume the power to suppress the system frequency fluctuation. Moreover, under the uncertainty of the plug-in and plug-out of PHEVs, the CMPC is able to reduce system frequency deviations successfully against the variation of the PHEV number.
(3) The CMPC yields superior control effects when compared to the PID and the DMPC in terms of the suppression of frequency deviation, the reduction of the PV surplus power, and the minimization of the ESS size.
APPENDIX
A. DMPC FOR PHEV AND PV INVERTER CONTROL
In this work, the DMPC as shown in Fig. 8 (a) with n = 2 is applied to control the PHEVs and the PV inverter. Therefore, MPC1 and MPC2 are used for the PHEV and the PV inverter controllers, respectively. More details are as follows:
MPC1: The state space of the control loop and the MPC calculation for PHEVs can be expressed in (14)- (17) .
[ y] = 0 1
where
, and G PHEV = 0 1 .
MPC2:
The state space of the control loop and the MPC calculation for the PV inverter can be expressed in (18)- (21) .
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